In this paper, utilizing the feature of the sonority, the problems of detecting the syllable nuclei and the syllable boundaries are explored. As there is minimal obstruction in the oral cavity in the production of sonorant sounds, sonority feature is used. A method is proposed for extracting the sonority profile from the strength of the dominant resonance frequency using the zero time windowing method. The strength of the dominant resonance frequencies in the specific band of 500 Hz to 1700 Hz is used. The proposed method is evaluated on SVL-DD-NEWScorpora. The results are compared with the Fourier transform method and the energy-based method of extracting the sonority profile. The proposed method performed better compared to other methods, especially in the presence of noise such as white, pink and babble. The method is also evaluated on TIMIT test database and the performance is on par with the current methods in detecting the syllable nuclei.
Introduction
Segmenting speech into syllables helps in many speech applications such as speech recognition, synthesis and spoken term detection [1] . Detecting the syllable nuclei and the syllable boundary has been a challenging task. Syllables are considered as basic elements for study of speech prosody [2] . Many studies have addressed the syllable nuclei detection separately [3] [4] , and only a few detected both the syllable nucleus and the syllable boundary by a single feature [2] [5] .
In Mermelstein's method, loudness measure obtained from short-time power spectrum is used to derive the sonority profile and convex-hull algorithm is applied recursively to get final segmentation results [6] . Most of the current syllable segmentation methods are derived from Mermelstein's framework and are evaluated on TIMIT database [7] . As TIMIT database does not have the syllable level transcription, they are obtained using phoneme level transcription with some available softwares like Tsylb [8] . The results were posted over these syllabified transcription. While many of the approaches considered intensity, a few of them incorporated voicing decision along with supervised techniques to detect the syllable nucleus and the syllable boundary. In [2] , the syllable nucleus and the syllable boundary are detected, using the sonority profile generated by fusing intensity and voicing profiles from various frequency regions. In [5] the sonority profile was extracted from the temporal envelope represented by intensity in the band ranging from 300 Hz to 1000 Hz.
Syllable and Sonority
The best description of the syllable is from the speech production point of view. It is said that "speaking is modified breathing" [9] . This syllable producing movement of respiratory muscles has been called as chest / breath / syllable pulse. Syllable is also described as "minimal pulse of initiatory activity bounded by a momentary retardation of initiator, either self imposed, or more usually, imposed by a constant type of articulatory stricture" [10] . As it is difficult to define the syllable, in [11] Ladefoged tries to define the syllable in terms of the inherent sonority of each sound. He also suggests that "the syllables must be marked not by the peaks in the sonority but by the peaks in the prominence", which means that, in a syllable there must be only one sonority peak, but if there is more than one peak, then the syllable nuclei has to be marked according to their level of the sonority. The general form of the syllable is given by C * VC * , where C * is a consonant or consonant cluster and V is a vowel. Every syllable must consist of a nucleus, and it optionally consists of onset and/or coda. The onset and coda are segments which occurs before and after the nucleus respectively. Sievers first attributed the sonority as sound fullness and explained it as relative loudness of speech [12] . Ladefoged further described the sonority as the loudness relative to other sounds having the same length, stress and pitch [11] . A sonorant sound tends to have low degree of acoustic loss leading to reduction in the formant bandwidth [13] . The hierarchy of sonorant sounds is given by : low vowels > mid vowels > high vowels > nasals > fricatives
The behavior of sonority within the syllable is explained by the sonority sequencing principle, which states that sonority increases from onset to nucleus and decreases to coda [12] . This hill-shaped profile signifies the sonority, and can be used for detection of the syllable nucleus and the syllable boundary. Sonority is mostly linked to the intensity in a particular frequency band. In [5] , 300 Hz to 1000 Hz is used as the sonority band for American English and in [14] 500 Hz to 1700 Hz is used for British English as the sonority band.
Speech database
The proposed method is evaluated on SVL-DD-NEWS-corpora [15] . This database consist of hand-labeled syllable level marking for three Indian languages, namely, Telugu, Tamil and Hindi. Each language has about five hours of news bulletins broadcasted by Doordarshan. The audio signal was digitized at 16 kHz sampling rate with 16 bits per sample. The digitized data was spliced into sentences, and further into phrases if the sentence exceeds 3 secs. ITRANS code was used for transcription [16] . As Indian languages have more syllable structure than other languages, SVL-DD-NEWS-corpora is a perfect set for evaluation. Moreover this database has manual syllable level markings which is more appropriate ground truth for evaluation than any tool generated ground truth. But for comparison with other methods in literature, the proposed method is also evaluated on TIMIT database. In the proposed method, the envelope of the amplitude of the dominant resonance frequency (DRF) obtained from ZTW method is used for the sonority profile.
In the ZTW method [15] [17] [18] , a heavily decaying window is multiplied with the speech signal. The windowed signal is represented by,
where s[n] is the speech signal and h[n] is the window function, given by,
The analysis window h[n] is shifted for every sample. The spectral characteristics of the windowed signal x[n] are obtained us- ing the Hilbert envelope of the numerator group delay (HNGD) function. The numerator group delay is given by,
where
These spectral characteristics can be interpreted as instantaneous because of the heavily decaying window and single sample shift. The strongest resonance in the HNGD spectrum is called as the DRF. The DRF can be equivalently associated with dimensions of the prominent cavity in the vocal tract responsible for the production of the sound [17] . The amplitude of the DRF is called the dominant resonance strength (DRS).
Procedure
The speech signal is passed through a band pass filter with cutoff frequencies 500 Hz and 1700 Hz. The Dominant resonance [20] is applied on the DRS contour to get the sonority profile. The peaks in the sonority profile are considered as the syllable nuclei and the valleys as the syllable boundaries.
From Figure 1 1 , in the band 500 Hz to 1700 Hz, there are less number of peaks in the syllable compared to the other band. which signifies that this band is more sonorant in nature than the other band. Hence this band is used in the proposed method to highlight sonorant characteristics.
A peak can be a nucleus if it is voiced and follows the sonority sequencing principle. As the syllable nuclei are voiced, voicing decision obtained from the ZFF method [21] is applied over the sonority profile to ignore false peaks. According to sonority sequencing principle, the sonority strength has to be maximum at the nucleus and minimum towards the boundaries. Hence if 70% (≈ RMS) drop of DRS not found on both the sides of a peak, then that peak is ignored. As there is only one nucleus in the syllable, so if the drop of 70% between two peaks is not found, then the peak with lesser DRS is ignored. The remaining peaks are considered as the syllable nuclei. The valley points in between the syllable nuclei are considered as the syllable boundaries.
In the case of the Fourier based extraction, instead of using the ZTW method to get the DRS, a 512 point discrete Fourier transform with Hamming window of size 20 ms and a sample shift is used, while in the case of energy-based extraction, energy is computed for a window of size 20 ms with a sample shift. The remaining procedure for detecting the syllable nuclei and its boundary is same.
Results
The proposed method is compared with the Fourier based and the energy-based sonority extraction methods.
The detected syllable nucleus is said to be correct if one nucleus is detected in the syllable. If more than one is detected it is classified as an insertion error and if no nucleus is detected, then it is classified as a deletion error. For the syllable boundary, the same strategy is followed, except that a margin of 50 ms on either side of the ground truth is also considered. For an easy comparision with previous literature, this evaluation metric is chosen. Figure 2 shows the syllable nuclei and the syllable boundaries detected using different methods. It is observed that the proposed method is useful in detecting the syllable nuclei and boundaries even in the presence of noise. The heavily decaying window used in the ZTW method gives more dynamic range compared to that of the Hamming window used in the Fourier analysis. In the energy-based extraction, there is an averaging phenomenon, which occurs over the size of the window and hence the dynamic range decreases.
From Tables 1 and 2 , it is evident that the insertion rate for the proposed method is high compared to the other methods. Reducing the insertions by utilizing some other features like the DRF has to be exploited. The band 500 Hz to 1700 Hz appeared to be more useful for characterizing the sonority compared to 300 Hz to 1000 Hz band as seen from Tables 1,  2 , 3 and 4. Three kinds of noises, namely, white, pink, and babble are added at three different SNR levels of 5 dB, 0 dB and -5 dB from NOISEX database [22] . The proposed method performed better than the other methods even in the presence of noise as seen in Tables 5 and 6 . It is also observed that as SNR level decreases, the increase in the total error rate (TER) of the proposed method is lesser than the other methods. For the purpose of comparison with [2] , the proposed method is also evaluated on TIMIT test database. From Tables 7 and 8 the TER is almost equal for both the methods (i.e., proposed and method from [2] ) for the syllable nuclei detection. But the TER for detecting the syllable boundary is high for this method, because the ground truth is from Tsylb software, which is C * V based segmentation, whereas this method is for C * VC * type of segmentation. Syllable nuclei are detected more accurately than the syllable boundaries because the valley in the sonority contour sometimes occurred after 50 ms margin. Some of the insertions and deletions occurred due to improper voicing decisions. The sonority level of some sounds was comparable to that of the nucleus, which led to some insertions. Some deletions occurred due to the consideration of 70% drop in the DRS.
Conclusions
Sonority profile extraction using the proposed method to detect syllable nucleus and its boundary was found to be better than other methods because of its performance even in noisy conditions. Its superior performance is attributed to the high resolution both in time and frequency domains, large dynamic ranges and heavily decaying window provided by the zero time windowing method. The performance on TIMIT database in detecting the syllable nuclei is on par with the latest in the literature, however the syllable boundary detection fails because this method is for C * V C * type of segmentation where as the ground truth from Tsylb is of C * V type segmentation. The Sonority profile using the proposed method also maintained the sonority hierarchy, which may help in the classification of sounds.
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